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ABSTRACT: Neutron reflectometry (NR) measurements were carried £y
out to probe the structure and stability of two model biomembranes
consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 1o
and 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) phospho-
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lipid bilayers hydrated by water solutions of two prototypical room-

temperature ionic liquids (RTILs), namely, 1-butyl-3-methyl-imidazolium %{@M I Jos _
chloride ([bmim][Cl]) and choline chloride ([Chol][Cl]) at concen- s, 3%
trations of 0.1 M and 0.5 M, respectively. The raw data were analyzed by § §
fitting a distribution of scattering length densities arising from the different ! Eﬁj;ebr”aye' “’Ail'iﬁeR'TIL -0'4§
chemical species in the system. The results of this analysis show that (a) { = o 00 =— o0 12"
for all systems and concentrations that we considered, the thickness of the 10 — o tm — ¢ Eff’,n T Z'ﬁooo.o

bilayers shrinks by ~1 A upon dissolving the ionic liquid into water and 00 00 O e —
that (b) the RTIL ions enter the bilayer, finding their way to a preferred C

location in the lipid range that is nearly independent of the lipid and of the

[bimim]* or [Chol]" choice. The volume fraction of RTIL sorbed in/on the bilayer, however, does depend on the lipid, but,
again, is the same for [bmim][Cl] and for [Chol][Cl]. Thus, the RTIL occupies ~5% of the bilayer volume in POPC, rising to
~10% in DMPC. Repeating the measurements and data analysis after rinsing in pure water shows that the changes in the bilayer
due to the RTIL sorption are irreversible and that a measurable amount of IL remains in the lipid fraction, that is, ~2.5% of the
bilayer volume in POPC and ~8% in DMPC.

B INTRODUCTION

pubs.acs.org/JPCB

Indeed, several years of extensive use in research centers and in

Room-temperature ionic liquids (RTILs) represent a vast class of
ionic compounds, usually consisting of an organic cation and an
organic or inorganic anion, whose melting temperature falls
below the conventional limit of 100 °C."

The interest in these systems has been fuelled by a wide range
of applications™ that have been proposed over the years, inclu-
ding the replacement of more volatile solvents in industrial
chemical processes,** the fabrication of lubricants®” suitable for
high temperature/high pressure conditions, the design of
innovative electrochemical devices® "' having RTILs has their
fluid electrolyte component, and even the sequestration of CO,
from power-generation stacks.'> Arguably, the properties that
most contributed to raise expectations in RTILs are their per-

ceived safety and their low impact on the environment."*~"
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small-scale industrial processes confirm the general assessment of
low toxicity and relatively easy and safe handling of these com-
pounds. However, the prospect of greatly expanding the scale
and scope of RTIL applications, and especially the exploration of
their use as active pharmaceutical ingredients'® or as excipients in
drugs formulation, impose a deeper and stricter analysis of
potential health effects of RTILs."”

Surprisingly, this crucial aspect of RTIL compounds has until
now received only limited attention, and the discussion has been
split between the alarming observation of toxicity toward cell
cultures,'® microorganisms19 or higher organisms,zo’21 and the

Received: July 29, 2014
Revised: ~ September 18, 2014
Published: September 24, 2014

dx.doi.org/10.1021/jp507631h | J. Phys. Chem. B 2014, 118, 12192—12206


pubs.acs.org/JPCB

The Journal of Physical Chemistry B

reductive view that there is no reason for concern. A refreshing
variation on these arguments has been the observation that
RTILs could play an unexpected positive role as potent anti-
biotics.”> ™’

Recently, the characterization of RTIL toxicology and, in gen-
eral, of health effects by biological essays, has been significantly
broadened to include the experimental investigation of RTILs
interacting with prototypical biological structures such as pro-
teins, nucleic acids, and phospholipid bilayers, carried out using
chemical physics approaches.

For instance, early studies performed by spectroscopy®® and
by electrochemical means®”*° probed the enzymatic activity of
cytochrome ¢ in RTILs, suggesting a complementary but still
important role of RTILs in biocatalysis.

Luminescence measurements, nuclear magnetic resonance
(NMR), light scattering, and transmission electron microscopy
imaging highlighted the opposite effects of tetramethylammo-
nium mesylate [TMA][Mesyl] and of tetramethylguanidinium
acetate [TMG][AcO] on the self-assembly of lysozyme into
amyloid fibrils. While [TMA][Mesyl] enhances lysozyme fibril-
lation,® [TMG][AcO] prevents the formation of fibrils.>* Tetra-
methylammonium nitrate (EAN), moreover, is able to dissolve
mature amyloid fibers>" into individual proteins that upon solva-
tion even recover their enzymatic activity. These results provide
a factual basis for future applications of RTILs not only in
pharmacology but also in nanotechnology.”*

UV spectroscopy and again NMR measurements have
demonstrated the effect of RTILs based on the alkylammonium
cation to affect the relative stability of G-C and T-A base pairs
in DNA,** while chromophore binding and luminescence mea-
surements have highlighted the long-term stability of DNA in
hydrated ionic liquids,™ potentially providing a simple and inex-
pensive technique to preserve biological samples at room tem-
perature.

In the context of biological effects, the interaction of RTILs
with lipid-based structures arguably is the most relevant case,
since the first encounter of a foreign chemical species with a living
cell is likely to occur at its protective biomembrane, which
primarily consists of a phospholipid bilayer.

This intuitive consideration is supported by the observation
that the cytotoxicity of RTILs measured by a variety of bioassay
approaches shows a clear positive correlation with their lipo-
philicity.'”*3¢

Atomic force microscopy (AFM),”” luminescence,”® and
quartz microbalance® approaches have been used to investigate
the stability and structure of phospholipid vesicles and of solid-
supported bilayers in a water solution of RTILs made primarily
but not exclusively of the imidazolium cation and a sequence of
anions of increasing hydrophobicity. The results reveal impor-
tant specific interactions of phospholipids and organic ionic
species, once again pointing to potential toxicity toward cells, but
also suggesting a possible role of RTILs in medical applications.

Imidazolium cations [C,mim]* with n = 4, 6, or 8 carbon
atoms in their alkyl tails, for instance, have been shown to pro-
mote the permeability of bilayers made of saturated and (slightly)
unsaturated phospholipids. The smallest cation ([bmim]*, n = 4)
only causes limited leakage from localized holes in the bilayers,
while larger cations with n = 6 and 8 carbon atoms in their alkyl
tail give rise to permeability already at low RTIL concentration,
and fully disrupt the bilayer at high (200 mM) concentration.
The drastic increase of the RTIL effect with increasing alkyl tail
length suggests that solvation of the cation tail into the neutral

portion of the phospholipid bilayer is the major factor in the
RTIL/lipid mutual affinity.

Stimulated by these works, computer simulation studies have
been carried out to investigate the microscopic mechanisms un-
derlying the experimental observations.**' Analysis of trajecto-
ries from molecular dynamics simulations of phospholipid
bilayers floating in water solutions of [bmim][Cl], [bmim][PF],
and [bmim][Tf,N] shows that the first incorporation of RTIL
cations ([bmim]*) into the bilayer occurs on the time scale of
100 ps, and the system reaches a condition of local equilibration
within 10—20 ns, which lasts over the ~150 ns covered by simu-
lation. No simulation result is available on significantly longer
time scales or for system sizes exceeding a few hundred lipids and
2000 A% cross area, which are relevant for the extraction and
solvation of lipid molecules by RTILs, for the formation of pores,
and for the global destabilization of the lipid bilayer at high RTIL
concentration. Perhaps more importantly, [bmim]* is the only
cation that has been considered in these computational studies.
Recent additions*”** to the short list of computational investi-
gations of these systems have somewhat extended and confirmed
the picture provided by the early*®*' simulation studies.

‘Whenever a comparison is possible, the simulation results turn
out to be fully consistent with the experimental picture and reveal
the peculiar role of the anion solubility. Small, hydrophilic anions
such as [Cl]~ remain in water solution and limit the amount of
cations that can be incorporated into the bilayer. Introducing
anions of lower water affinity such as [PF4]~ causes the deposi-
tion of a molecularly thin film of anions at the water/lipid
interface, in close contact with the ionic portion of cations, and
with the polar groups in the lipid head. RTILs based on large,
hydrophobic anions such as [Tf,N]~ cause the precipitation of
the ionic component into mesoscopic droplets that tend to
adsorb at the bilayer/water interface.

Although interesting, these studies are in many ways limited in
the information that they can provide. For instance, lumines-
cence and quartz microbalance measurements do not offer
explicit structural information. On the other hand, AFM and
simulation provide a view of the RTIL and phospholipid con-
formation that is too local to answer the first basic questions that
arises in this context, concerning the global stability, structure,
and dynamics of a phospholipid bilayer in a water environment in
which RTILs have been dissolved at moderate concentration.
Last but not least, a few of the experimental methods applied
until now such as AFM or transmission electron microscopy
perturb the system through forces whose strength cannot be
reduced at will.

To overcome these limitations, we resort to neutron scattering
reflectometry (NR), whose ability to determine the system
structure perpendicular to a reference surface while probing a
wide area represents crucial aspects for our investigation.**
The weak interaction of neutrons with the atomic nuclei ensures
that NR provides a faithful picture of the system under study,
unperturbed by the measurement. The concentration profile of
the different chemical components present in the system can be
determined by applying isotopic substitution, which represents
an option unavailable to other experimental techniques such as
X-ray reflectometry. On the other hand, the successful applica-
tion of both X-ray and neutron reflectometry requires homo-
geneous and well-oriented bilayers deposited on solid surfaces of
low roughness.

In the present study, we apply NR in its specular reflectivity
flavor to analyze 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
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(DMPC)*® phospholipid bilayers supported on a silica substrate.
The fluid side of the interface is represented by water solutions of
[bmim][Cl] and [Chol][Cl], selected because of their proto-
typical role, good solubility, and availability of experimental data
on their basic chemical physics properties. Both cations, that is,
[bmim]* and [Chol]*, are fairly bulky ions, whose size reduces
the strength of their Coulomb interaction and enhances their
dispersion forces, thus pointing to an easy incorporation into the
phospholipid bilayer, whose amphiphilic character provides
suitable conditions to solvate both ionic and neutral species.
Choline, moreover, is a common player in metabolic pathways,
and is part of the polar head of phospholipids belonging to the
phosphatidylcholine and sphingomyelin families, thus enhancing
the relevance of our results for biochemical applications. The
phospholipid deposition on the solid substrate breaks the sym-
metry of the two leaflets in the bilayer, and in a few instances we
will make a distinction between the results for the inner leaflet,
closest to the silica surface, and the outer leaflet, farthest from
silica.

Our data show that for all the systems that we have studied: (a)
the RTIL water solutions do not disrupt the global integrity of
the bilayers, whereas (b) the thickness of the bilayers shrinks by
~1 A upon dissolving the IL into water at either 0.1 or 0.5 M
concentration. (c) An important amount of RTIL is sorbed in/on
the bilayer; the volume fraction of the absorbed RTILs does
depend on the lipid, but it is independent of the cation choice:
both for [bmim]* and for [Chol]*, the RTIL occupies ~5% of the
bilayer volume in POPC, rising to ~10% in DMPC. (d) The
quantitative determination of the concentration profile of the
RTILs into the membrane is challenging, but our results show
that it is similar in all the four systems that we considered. (e)
The repetition of the measurements and data analysis after
rinsing the sample in pure water shows that, to some extent, the
changes in the bilayer due to the RTIL absorption are irreversible
and that an important amount of IL remains in the bilayers, that
is, ~2.5% of the bilayer volume in POPC and ~8% in DMPC.

The neutron reflectivity measurements whose results are
presented and discussed in the following sections were carried
out both at the National Institute of Standards and Technology
(NIST), Gaithersburg, USA, and at the Institute Laue-Langevin
(ILL), Grenoble, France.

The positive outcome of the present study opens the way to a
systematic analysis of the sorption of organic ionic species onto
phospholipid bilayers, providing a first quantitative screening of
potential biological effects of RTIL.

The results, moreover, support the validity and reliability of
the simulation results for closely related systems**™* and show
that the combination of neutron reflectometry and molecular
dynamics simulation provides a sensitive and accurate tool to
investigate the effect of RTILs on phospholipid membranes.

B EXPERIMENTAL SECTION

The aim of our study is the experimental investigation of the
interaction of RTIL species in water solution with phospholipid
bilayers, probed at the molecular scale. More specifically, the
effect of two RTILs, namely, [bmim][Cl] and [Chol][Cl], on
two model biomembranes, namely, POPC and DMPC, was
investigated by means of specular neutron reflectometry (NR).
Measurements were carried out at two different instruments: the
reflectometer MAGIK at NIST,* and the high-flux horizontal
reflectometer Fluid Interfaces Grazing Angles ReflectOmeter
(FIGARO) at ILL.*®

In the MAGIK case, reflectivity curves were recorded for
momentum transfer values between 0 and 0.25 A™! with an
instrumental wavelength resolution (d4/4) = 1%. A flow cell was
used that holds 3” diameter Si wafers and allows for in situ sample
manipulation on the instrument. Therefore, subsequent mea-
surements were performed on exactly the same sample area. The
entire flow cell was maintained at room temperature.

In the FIGARO case, the intensity of specular reflected neu-
trons of incoming wavelengths between 2 and 20 A at the two
incident angles of 0.8° and 3.2° was measured, giving access to
a momentum transfer normal to the surface in the range from
0.0045 to 0.25 A™' (i, down-reflection mode). The instru-
mental wavelength resolution (d4/4) is 7%. The sample cells
consist of 10 X 5 X 1 cm® silicon blocks in contact with a water
reservoir, clamped between thermalized aluminum holders.

On both instruments, the lipid bilayer is absorbed onto the
10 X 5 cm? surface of the silicon substrate, and the cell is filled
with the solvent (about 2 mL), consisting of: (i) pure water in a
first round of measurements, carried out to characterize the
bilayer baseline behavior, (ii) water solutions of RTILs in the
major production stage, and, finally, (iii) replaced again by pure
water to check the reversibility of the RTIL sorption on or into
the phospholipid bilayer.

Chemicals and Experimental Protocol. We purchased the
fully hydrogenated h-DMPC (catalog no. 850345P), the d-
DMPC with perduterated hydrocarbon chains and tails, that is,
DMPC-dg;, (catalog no. 860348P), and the fully hydrogenated
POPC (catalog no. 850457C) from Avanti Polar Lipids, Inc.
(Birmingham, AL), and we purchased the [bmim][CI] (catalog
no. 04129- F) and the [Choline][Cl] (catalog no. C7017) from
Sigma-Aldrich. Figure 1 reports the schematic structure of natu-
ral and deuterated DMPC, of POPC, and of the two RTILs.
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Figure 1. Schematic two-dimensional chemical structure of the lipids
and of the ionic liquids considered in our study: (a) h-DMPC, (b) dg;-
DMPC, (c) POPC, (d) [bmim][Cl], and (e) [Chol][Cl].

For the MAGIK experiments, Si wafers were cleaned with
Micro-90 detergent, rinsed with Millipore water, immersed for
15 min in sulfuric acid with No-Chromix additive, rinsed with
Millipore water, rinsed with ethanol, and dried in a stream of
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nitrogen. Vesicles were prepared from 10 mg/mL POPC in
chloroform. The chloroform solution was dried overnight under
vacuum at 30 °C. The dry lipid film was resuspended in 10 mM
NaH,PO,, 500 mM NaCl, pH 7.4 at a concentration of S mg/mL.
The solution was sonicated for 70 min and remained milky. The
milky solution was injected into the MAGIK wet cell containing
the clean Si wafer (1.5 mL cell volume). After 60 min of incu-
bation, the vesicle solution was replaced with 2 X 10 mL of
10 mM NaH,PO,, 50 mM NaCl, pH 7.4. The cell was flushed
with 10 mL of heavy water for NR measurements on the neat
bilayer. Water solutions of [bmim][Cl] at 0.1 M and 0.5M, and of
[Chol][CI] at 0.5 M, were prepared both in H,0 and D,O. The
complete list of the samples measured on MAGIK is reported in
Table 1 of the Supporting Information.

For the FIGARO experiments, we prepared a solution of
unilamellar vesicles by extrusion with 20 mg of lipid in 5 mL of
pure water using the Avanti Mini-Extruder. During the extrusion
process the solution was handled at 31 °C by using the heating
block; this is crucial, since for vesicle preparation we need to
work above the main-transition temperature (TM) of the bilayer,
which in the case of DMPC is at 24 °C, that is, above room
temperature. The resulting vesicle solution was diluted to a final
concentration of 2 mg of DMPC per milliliter of water, and the
temperature was adjusted to 31 °C before filling the sample cell,
also held at 31 °C. In several minutes, the vesicles collapse at the
silicon oxide surface and form a stable bilayer, separated from the
solid surface by a thin water film. Water solutions of [bmim][ClI]
at 0.5 M were prepared both in H,0 and D,0. The complete list
of the samples measured on FIGARO is reported in Table 1 of
the Supporting Information.

All the experiments were performed above the main phase-
transition temperature, that is, at ambient temperature for POPC
on MAGIK, and at T = 31 °C for DMPC on FIGARO. NR data
were collected by varying the contrast of both the solvent (i.e., by
using H,O/D,0 mixtures), and the lipid (i.e, by using both
h-DMPC and d-DMPC). Data are also collected at three differ-
ent stages of the sample manipulation: (i) before, (ii) during, and
(iii) after the RTIL—bilayer interaction.

In a first stage, we characterized the properties of the neat
bilayers, in contact with pure water (about 2 mL of water is
needed to fill the experimental cell); in what follows, this con-
dition is labeled as “neat bilayer before the interaction”. Then, the
pure water solvent hydrating the bilayers was replaced by water
solutions of RTILs; these condition are labeled as “during the
interaction”. Finally, the pure water condition was restored by
rinsing the system with about 10 mL of pure water. In all these
stages, reflectivity spectra were collected according to the same
experimental protocol.

Data Analysis Protocol. The raw data provided by our
measurements represent the specular component R(Q,) of the
neutron beam intensity reflected from the planar interface con-
sisting of a lipid bilayer deposited on a silica surface and covered
by water or by an RTIL water solution. The interface is oriented
perpendicularly to the z axis, R(Q,) is normalized to the intensity
of the incoming beam, the Q, argument of R(Q,) represents the
change of the neutrons wave vector upon reflection, given by

Q = 4—ﬂ:sin 0
© (1)
where 6 is the angle of incidence, and 4 is the wavelength of
neutrons in the beam.
Our aim is the determination of the composition or volume
profile of the different chemical species across the interface,

determined at sub-nanometer resolution. To achieve this goal,
we follow standard approaches to relate R(Q,) to the z depen-
dence of the scattering length density p(z) (SLD), defined as

p(z) = Z bo(z — z))

i€atoms (2)

where b; is the scattering length of atom i.
In the kinematic (first Born) approximation, for instance:*’

R(Q) = 27 @ )r
z QZZ z (3)

where p(Q,) is the Fourier transform of p(z).

Inverting this relation to express p(Q,), or, equivalently, p(z)
in terms of R(Q,), however, is problematic, mainly because the
information on the phase of p(Q,) is lost throughout the com-
putation of the square modulus in eq 3. The problem could be
solved under restrictive symmetry conditions, or, under weaker
conditions, by a more complex method.>

A different route, however, relying on careful modeling and
introducing volume and chemical constraints, offers a more intui-
tive approach, and for this reason it is widely used. The method
can be described as follows. Since neutron reflectivity obeys the
same rules of light reflectivity, the relation between p(z) and
R(Q,) can be established through the optical matrix method®’
and can be readily evaluated for any trial density p(z) to give a
trial R(Q,). Then, the mean square deviation of the trial and
measured R(Q,) is minimized by standard (library) routines,
progressively refining the trial p(z). To carry out this task, we
adopt the so-called composition-space approach,” modeling
distributions of the following individual molecular groups: silicon
oxide, substrate-proximal phosphocholine (PC) head groups,
substrate-proximal methylene groups, substrate-proximal methyl
groups, substrate-distal methyl groups, substrate-distant meth-
ylene groups, substrate-distal headgroups, and the RTIL cation.
This analysis is far more detailed that in previous studies of lipids
deposited on a solid substrate, in which the SLD of the interface
is expressed in terms of slabs of constant scattering length density
for the substrate, lipid, and solvent contributions only, without
distinguishing the SLD of distinct chemical groups in the lipid
subsystem. We verified that such a coarse representation of the
total SLD does not allow us to determine the RTIL distribution
at any acceptable degree of accuracy. Splitting the phospholipid
contribution into its separate components lowers the y* and
allows us to identify the SLD due to the RTIL sorption at the
lipid bilayer. The conditioning of the fit is strengthened by
including constraints on the volume occupied by all the com-
ponents, which cannot exceed the available space, as well as
chemical constraints, preventing the spatial separation of com-
ponents such as heads and tails that in fact are linked by covalent
bonds. Volume and chemical constraints are ineffective for the
anions, because of the relatively small size of CI™. For this reason,
information on the anion distribution is conspicuously absent
from our tables and figures.

In the composition-space approach, the density distribution
of each component but the RTIL is represented by a boxcar
function. Upon convolution with a Gaussian function accounting
for thermal and conformational broadening, the z-dependence of
the area covered by molecules or molecular fragments is given by
the sum of two error functions. The RTIL cation distribution,
less predictable than the others, is represented by a free-form
monotonic Hermite spline,*>** defined by nine control points,
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Figure 2. Schematic structure of solid-supported phospholipid bilayers.

and accounting for 16 additional free parameters in the scattering
length profile modeling.

To disentangle the distribution of the different chemical
components, we resort to isotopic substitution, as detailed in the
previous subsection. The free parameters distributed in the
functional form of the SLD p(z) were determined by nonlinear
x* optimization carried out using the “GA_refl” and “Refl 1D”
computer packages®® developed at NIST. Error bars on the fit
parameters were determined by repeating the fit on a population
of computer-generated raw data, produced by a Monte Carlo
Markov chain procedure® equivalent to the measured R(Q,) to
within the 68% confidence level.

To accurately determine small variations in the fit parameters
and in the system geometry resulting from the RTIL additions, all
data sets concerning a given choice of the phospholipid bilayers
are analyzed together, enhancing the accuracy of comparisons by
cancellation of systematic errors.

On the other hand, the addition of several (16, see above)
degrees of freedom in the fit to describe the RTIL distribution in
space could partly compensate for the still-limited flexibility in
the representation of the lipid and solvent distributions, pro-
ducing in this way spurious results. To quantify this effect, we
included a fictitious RTIL distribution also in the fit for the neat

(i.e., without RTIL) samples. In the case of POPC and d-DMPC,
the fit correctly attributed only a modest amplitude to the RTIL
distribution. In the h-DMPC case, instead, the amplitude of the
fictitious component turned out to be sizable, undermining the
reliability of the data analysis. For this reason, in what follows and
especially in the Supporting Information we report also the h-
DMPC data, with, however, a major caveat that in this case the
statistical error bars do not reliably measure the uncertainty of
the results for the RTIL distribution.

Attributing a volume to each chemical group and molecular
species”” > allows us to monitor the completeness of the space
filling by the density distributions determined by the fit. Devia-
tion from 1, that is, from completeness, could be attributed to the
penetration of solvent into the lipid distribution and, thus, to a
defective structure of the bilayer.

B RESULTS AND DISCUSSION

As already stated, our study is aimed toward the investigation of
how the presence of a small amount of RTILs in water solutions
affects the structure and stability of phospholipid bilayers that, as
it is well-known, are equilibrated by a competition of hydrophilic
and hydrophobic interaction with water. A schematic view of the
systems under investigation is shown in Figure 2, while Table 1
lists basic chemical physics properties of our systems. The most
relevant information is the widespread scattering of length
densities, which underlies the stability and accuracy of the data
analysis.

In a first stage of our study, we carried out NR measurements
on the neat bilayers, that is, DMPC and POPC, in water before
the introduction of RTILs, both to validate our setup and method
by comparison with benchmark data from the literature and to
verify the quality of the bilayers resulting from our sample prepa-
ration. The neutron reflectivity of neat POPC and d-DMPC
measured on MAGIK and FIGARO, respectively, in solvents of
different H/D composition is shown in Figure 3a,b. The good
separation of the curves obtained with different solvent contrast
is apparent, opening the way to the accurate determination of
structural parameters.

Table 1. Theoretical Scattering Length Densities (SLD) Calculated from the Neutron Scattering Length, b, of Each Atom, and

Other Quantities of Interest

material formula MW (g/mol) volume (A%) density (g/cm?) b (107*A) SLD (107 A72)
Phospholipid Bilayers
DMPC Cy6H,,NO,P 677.945 1101 1.0225 3.11 0282
DMPC-tail C,ysHsy 366.718 754 0.8076 -291 —0.386
DMPC-head CyoH,sNOGP 311227 347 1.4894 6.01 1.732
d-DMPC C1HNOGPD,; 745.345 1101 1.124 72.84 6616
d-DMPC-tail Cy6Dsy 421.042 754 0.9273 53.3 7.069
d-DMPC-head C,H;NOZPD,; 324.305 347 1.552 19.54 5.631
POPC CoHy,NOGP 760.076 1246 1.013 334 0.268
POPC-tail CypHe, 448799 925 0.804 —2.66 —0287
POPC-head CoH sNOP 311.277 321 1.610 6.01 1.87
Water Contrasts
H,0 H,0 18 30 0.997 —0.167 —0.56
CMSi H,0/D,0 (62/38) 18.76 30 1.038 0.618 2.07
CM4 H,0/D,0 (34/66) 19.32 30 1.069 1.197 4
D,0 D,0 20 30 1.107 19 635
Room-Temperature Ionic Liquids

[bmim][Cl] CgH,N,Cl 174.67 268.57 1.086 2538 0951
[Choline][CI] C¢H,,NOCI 139.6 212.68 1.09 0.562 0.264
[bmim] CgH:N, 139.27 167 1.580 0.94
[Choline] C.H,,NO 1042 132 —0.395 —0298
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Figure 3. Reflectivity R as a function of the momentum transfer Q, for two neat bilayers: (a) POPC-n1, measured on MAGIK; (b) d¢,-DMPC measured
on FIGARO. For each bilayer, data were collected at three/four different H/D solvent contrasts (black, blue, red, and dark green empty dots with error
bars). The scattering length density profiles reported in (c) (POPC-nl) and (d) (dg;-DMPC) were obtained by fitting the reflectivity data. The
corresponding best fit to the R(Q,) curves are displayed as full lines in (a) and (b).

The analysis of the raw data shows that the experimental
curves are remarkably well-reproduced by the reflectivity of a
planar distribution of scattering length density (SLD) whose
profile in the direction perpendicular to the sample is shown in
Figure 3c,d. In Figure 1 of the Supporting Information the same
profiles for the other two measured systems are shown.

The results of the data analysis, carried out according to the
procedure detailed in the previous subsection, are summarized in
Table 2, whereas the complete set of the fitting parameters are
reported in Table 3 in the main text and in Tables 2 and 3 of the
Supporting Information.

As discussed in detail in ref 60, the comparison of even basic
structural parameters measured on different samples by a variety
of experimental techniques is somewhat uncertain, since different
methods do not necessarily measure directly the same quantity,
and the sample preparation may affect the result. For instance,
our measurements are carried out on single bilayers deposited on
a silica substrate, cushioned by a thin water layer. Other measure-
ments, such as X-ray diffraction, nominally for the same system,
are carried out on thick stacks of up to 1000 bilayers, separated by
a thin hydration layer. Despite these differences, the main struc-
tural results provided by our data analysis fall within the range of
other measurements, as apparent by comparison of the bilayer
width reported in our Table 2 with the data given in ref 61 for
POPC and in ref 62 for DMPC.

Most of the quantitative discrepancy with respect to previous
measurements on thick lipid stacks might indeed be due to the
strong interaction of the inner lipid leaflet with the solid substrate,

Table 2. Thickness, Area Per Lipid, and Bilayer Completeness
for Each Neat Bilayer Used in Our Study

thickness area per lipid in outer lipid bilayer
(A) leaflet (A?) completeness®
POPCn1® 453+ 11 703 3.3 1+ 001
POPC n2” 50 + 0.8 702 + 3.1 1+ 0.01
DMPC 442 £09 54.8 £ 09 0.96 + 0.02
dg; DMPC ~ 47.6 + 1 541+ 13 0.99 + 0.02

“The error on the bilayer thickness is given by a sum of standard devi-
ations of the corresponding bilayer components. ’POPC nl and n2
were used to investigate the effect adding [bmim][Cl] and [Chol][Cl],
respectively.

as suggested by sizable difference of structural parameters mea-
sured on the inner and on the outer lipid leaflet.

On the other hand, samples of the same phospholipid bilayer
(POPC nl and POPC n2, see Table 2) both made by us to probe
different RTILs, display differences in their geometric parameters
larger than the error bar estimated by statistical approaches, thus
revealing systematic differences in the two bilayers, even though
they result from the same experimental protocol. Once again, the
interaction with the solid substrate might be responsible for
this anomaly, since the difference between the POPC nl and n2
samples is apparently due to the different thicknesses estimated
by NR for the layer of lipid heads in immediate contact with silica.

Similar effects are often seen in phospholipid experiments, and
the simultaneous analysis of all the data for a given phospholipid/
silica sample with and without RTIL in solution (see Data
Analysis Protocol), is meant precisely to overcome this difficulty,
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Table 3. Markov-Chain Monte Carlo Median Fit Values with 68% Confidence Limit for the POPC+[Chol][Cl] System Measured

on MAGIK*
neat bilayer 0.5 mM incubation rinse
Substrate
thickness SiOx/A 80+08
nSLD SiOx/107% A 3.58 £0.16
substrate roughness/A 1.5+09
Lipid Bilayer
thickness submembrane space/A 0.25 + 04
thickness inner headgroups/A 10.1 £ 0.6
thickness inner lipid leaflet 172 +£0.7 change per leaflet: —0.77 + 0.33 change per leaflet: —0.31 + 0.24
thickness outer lipid leaflet 132+ 0.6
thickness outer headgroups 9.56 fix”
bilayer completeness 1.00 + 0.01 1.00 = 0.01 1.00 + 0.01
area per lipid in outer lipid leaflet/A” 702 + 3.1 75.0 + 4.0 723 +£3.8
RTIL
volume surface density/(A*/A?) 37+ 17 1.3 + 1.8—0.8°
center of mass of RTIL distribution with respect to the outer =3xS -3+8

hydrocarbon/headgroup interface/A

“[Chol][CI] /water solution at 0.5 M. All measured data sets were analysed simultaneously. The y? value of the fit is 1.79. ®See ref 52. “The error is

not symmetric.
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Figure 4. Reflectivity R as a function of the momentum transfer Q, measured on the neat ds,-DMPC bilayer, during the interaction stage with
[bmim][Cl] room-temperature ionic liquid. Data for three different H/D solvent contrasts were collected for each of the two (neat, and interaction)
stages (black, blue, and red filled and empty dots with error bars). The solid lines are the best fit to the data, shown here as a guide to the eye. The isotopic

composition of CMSi is given in Table 1.

compensating systematic errors and enhancing the sensitivity of
our measurements with respect to the effects of the RTIL addition.

Moreover, the fair agreement of our structural data with the
results of previous measurements lends support to the overall
good quality of the bilayers, which is also confirmed by the
completeness of the density profile that closely approaches 1 in
all cases, as shown in Table 2.

The largest deviation from exact completeness observed in our
measurements concerns the neat (i.e., without RTIL) h-DMPC
sample whose completeness, although still excellent, is 96%. In
neutron-reflectivity measurements, under-completeness is usu-
ally attributed to solvent mixing into the bilayer, which in the case
of h-DMPC is likely to be responsible for the enhanced pene-
tration and spread of RTIL into DMPC with respect to POPC
that is discussed below.

12198

The NR measurements and data analysis carried out on the
neat bilayers were repeated upon the addition of the RTIL in the
second and major production stage of our study. In practice, the
introduction of RTIL is carried out by replacing the pure water
solvent in contact with the bilayer by the water solutions of
RTILs at 0.1 and 0.5 M concentration. As a term of comparison,
we remark that the critical aggregation concentration of
[bmim][CI] in water is 0.8 M. We anticipate that the RTIL
concentration in the water solution does not have a major effect
on the results, at least over the 0.1—0.5 M range explored by our
measurements. The surface density of RTIL molecules absorbed
into the lipid phase, in fact, seems to be determined primarily by
the direct lipid—cation interaction and possibly by electrostatic
double-layer considerations. The chemical potential of cations in
solution, on the other hand, has a weak logarithmic dependence

dx.doi.org/10.1021/jp507631h | J. Phys. Chem. B 2014, 118, 12192—12206
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Figure 5. (upper) Reflectivity R as a function of the momentum transfer Q, measured on POPC after incubation with a 0.5 M [Chol][ Cl] water solution.
Data for three different H/D solvent contrasts were collected (black, blue, and red empty dots with error bars). The isotopic composition of CM4 is
given in Table 1. (lower) Volume occupancy profile as a function of height z from the surface obtained by fitting the reflectivity data. The best fit to the
R(Q,) curves are displayed as full lines in the upper panel. RTIL absorption accounts for 8% of the lipid bilayer volume.

on concentration, limiting its role in the determination of the
equilibrium density profile.

Figure 4 compares the reflectivity coeficient R(Q,) measured
on the dg,-DMPC bilayer interacting with a water solution of
[bmim][Cl] at 0.5 M concentration with the same quantity
measured for the neat samples before the RTIL addition. Despite
the sizable and systematic separation of these curves, the
quantities of interest inferred from the elaboration of these raw
data, consisting of the variation of structural parameters for the
lipid component, of the mass and volume of adsorbed RTIL and
of the density profile of ions along the direction normal to the
interface, are affected by important statistical and systematic
error bars. As already stated, and repeated here because this is a
crucial aspect of our study, the quality of the results is strength-
ened by the simultaneous fit of all the data measured for a given

lipid, considering neat conditions, RTIL additions, and different
solvent contrast. Only in this way, exploiting correlations and the
cancellation of systematic errors, we can extract statistically signi-
ficant data for the changes in the lipid layer properties and for the
distribution of ions across the interface.

The reflectivity curves as a function of momentum transfer
for POPC+[Chol][Cl], POPC+[bmim][Cl], and ds,-DMPC
+[bmim][Cl], respectively, are shown in the upper panels of
Figures 5, 6, and 7. All RTIL solutions are at 0.5 M concentra-
tion. Additional figures and data are provided as Supporting
Information.

A summary of the structural data obtained in our study is given
in Table 4, while a visual representation of the spatial distribution
of the various components is provided by the lower panels of
Figures S, 6, and 7. For the complete set of fitting parameters
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refer to Table 3 in the main text and to Tables 2 and 3 in the
Supporting Information.

The first qualitative result, already apparent from inspection
of the raw data and, in particular, from the similarity of the
reflectivity versus Q, relation before and after the RTIL addition,
is that the bilayers retain their overall integrity upon addition of
the RTILs.

Then, the major RTIL effect on the global properties of the
lipid component is the apparent shrinking of each bilayer by
~1 A, almost irrespective of the lipid and RTIL choice. The
shrinkage reported in the Tables represents in fact the variation
in the thickness of the tails due to the presence of the RTIL, and
it enters the fit as an independent parameter (see Table 3).
However, while the thickness of the individual hydrocarbon
leaflets is determined separately in the data analysis, only the total

variation of the lipid tail thickness can be estimated with
acceptable statistical accuracy, while discriminating between the
inner and outer leaflet contribution is beyond the reach of our
approach. Therefore, a single parameter quantifies this thickness
change, and it is applied to both lipid leaflets. The absolute un-
certainty on this global thickness change is, not surprisingly,
lower than the uncertainty on the absolute thickness of each
leaflet.

The completeness, once again approaching 1, confirms the
persistence of the basic lipid structure, as well as the good quality
of the fit. Even in the h-DMPC case, for which it was down to
0.96 in the neat bilayer case, completeness rises to 1 upon RTIL
addition, pointing to a potential ability of RTILs to remove/
substitute water or perhaps to enhance the lipid mobility at the
interface, thus healing defects of the bilayer. If confirmed, such a

dx.doi.org/10.1021/jp507631h | J. Phys. Chem. B 2014, 118, 12192—12206
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Table 4. Thickness Variation, Bilayer Completeness, and Ionic Liquid Absorption into the Bilayer after Incubation

thickness variation® (A)

POPC+[bmim][Cl] (0.1 M) —0.52 +0.28
POPC+[bmim][Cl] (0.5 M) —0.9 +037
POPC+[Chol][C1] (0.5 M) —1.5+ 046
d-DMPC+[bmim][Cl] (0.5 M) 042 +0.37
h-DMPC+[bmim][CI] (0.5 M) —2.6+0.6

bilayer completenessb IL per bilayer volume? (%)

1+£0.01 2.7+20
1+0.01 6.4 +2.5
1+0.01 8.1+39
0.97 + 0.0S 101+ 12
1+0.02 11+£3.1

“The thickness variation refers to the lipid tails only, because the variation of the headgroup thickness is beyond experimental resolution. Errors are
equal to the standard deviation on each parameter value. “Errors are equal to the standard deviation on each parameter value.

property could find applications in the preparation and mani-
pulation of lipids and possibly even in pharmacology. On the
other hand, the change of completeness in the h-DMPC bilayer
before and after the RTIL addition might underlie the difficulty
in the determination of the RTIL distribution in space that was
discussed in the data analysis subsection.

The apparent shrinkage observed in all our samples occurs at the
same time, and it is driven by a non-negligible absorption of ions
into the bilayer, as shown by the density profiles obtained through
our data analysis (see again the bottom panel in Figures S, 6, and
7). In other terms, the reduction in the bare lipid volume is even
more significant than the nominal shrinking reported in the Tables.

dx.doi.org/10.1021/jp507631h | J. Phys. Chem. B 2014, 118, 12192—12206
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Integration of the area under the density curves shows that the
volume fraction of the lipid bilayer occupied by RTIL ions amounts
to 6.5% for POPC+[bmim][Cl], 8% for POPC+[Choline][Cl],
11% for h-DMPC+[bmim][Cl], and 10% for d,,-DMPC+
[bmim][Cl]. Thus, while the shrinkage of the lipid bilayer by
1 A seems to be independent of the lipid and RTIL identity, the
absorption volume does depend on the lipid, that is, ~5% for the
POPC and 10% for the DMPC. On the other hand our data
do not allow us to identify a relationship between the amount of
the absorbed RTIL and the RTIL identity. In fact, in the two
POPC cases, one with [bmim][Cl] and one with [ Chol][Cl], the
amount of absorbed RTIL is almost the same taking into account
the experimental and statistical error. The combination of shrink-
ing and absorption, of course, implies an increase of the bilayer
density that increases with the volume fraction occupied by the
RTIL. Thus, this same volume fraction might provide a measure
for the affinity of RTIL and lipids. Once calibrated, such a scale
could find applications in pharmacology and in sensing.

The molecular distribution curves (lower panels of Figures 5,
6,and 7) give us information not only on the amount of the RTIL
in the bilayer but also on its location within the bilayer. A first
qualitative observation is that, despite some variations, the peak
of the RTIL density tends to be located within the neutral
portion of the leaflet exposed to the RTIL solution, and the over-
lap with the lipid head distribution is limited. This observation
suggests that van der Waals (dispersion) rather than Coulomb
interactions represent the driving force for the ion absorption
into the lipid bilayer. Molecular dynamics simulations*"** for
[bmim][Cl] interacting with POPC bilayers, for instance, show
that short-range repulsion and dispersion forces cause the align-
ment of the absorbed [bmim]* ions along the direction perpen-
dicular to the bilayer plane and define a preferred location for
their absorption within the lipid phase. Given the high charge and
fairly low dispersion potential of the [Cl]™ ion, it is tempting to
assume that the RTIL density identified by the NR data analysis
accounts mainly for the distribution of cations.

To provide a visual impression of the global uncertainty in the
determination of the RTIL distribution, we computed all the
profiles of equal RTIL content, compatible with the optimal
distribution to within the 68% confidence level. The upper and
lower envelopes of all these profiles are shown together with each
RTIL distribution in Figures S, 6, and 7. These curves, however,
must be interpreted with some care. In particular, one should not
conclude from the near vanishing of the lower envelope over its
entire range that a null RTIL distribution is compatible with
our NR data, since all the density profiles used to define the
envelopes correspond to the same total RTIL absorption, that is,
5% in volume for POPC and 10% in volume for DMPC. In fact,
the separation of the lower and upper envelopes measures
primarily the uncertainty in the RTIL location within the lipid
bilayer and does not represent an error bar on the amount of
adsorbed RTIL, which is instead given in Table 4.

The h-DMPC sample, whose deviation from full completeness
was already noted for the neat bilayers, is somewhat anomalous
also for what concerns the location of the RTIL upon absorption.
While in the POPC case both [bmim]* and [Chol]" are confined
to the outer lipid leaflet, a non-negligible penetration into the
inner leaflet is observed for h-DMPC (see the leftmost peak in
the RTIL distribution of Figure 3 in the Supporting Information).
Taking into account the confidence curves, this amount could
represent one-fourth of the adsorbed RTIL, or 2—3% of the h-
DMPC volume. The two peculiar behaviors displayed by this
bilayer are likely to be related, since it might be precisely the lower
completeness of h-DMPC and partial water penetration into the
lipid that opens the way to RTIL diffusion. Another possible
interpretation is that both under-completeness of the neat bilayer
and the higher RTIL penetration are both due to the lipid
interaction with the substrate, which in the absence of RTIL might
prevent the lateral diffusion of lipids and limit their packing in the
inner leaflet. We are unable, right now, to distinguish between
these two different possibilities. More importantly, and also more
in general, on the basis of our data alone we are unable to conclude
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Table S. Thickness Variation, Bilayer Completeness, and Ionic Liquid Absorption into the Bilayer for All the Samples after Rinsing

with Pure Water

thickness variation® (A)

POPC+[bmim][Cl] (0.1 M) —1.54 +0.32
POPC+[bmim][Cl] (0.5 M) —1+035
POPC+[Chol][Cl1] (0.5 M) —0.62 + 0.34
d-DMPC+[bmim][Cl] (0.5 M) 1+023
h-DMPC+[bmim][Cl] (0.5 M) —28+07

“Errors are equal to the standard deviation on each parameter value.

bilayer completeness” IL per bilayer volume® (%)

1+£0.01 58+24
1+0.01 25+ 1.8
1+0.01 23+ 14
0.99 + 0.05 8+ 1.1
0.99 + 0.02 171 £ 52

whether the RTIL distribution measured in our NR experiments is
an equilibrium property or is primarily determined by kinetics.

In a third and last stage of our measurements, the RTIL water
solution was replaced again by pure water, rinsing each experi-
mental cell with ~10 mL of pure water. Qualitative inspection of
the NR curves at different H/D contrasts shows that rinsing and
equilibrating the system in pure water does not restore the neat
bilayer geometry seen before the RTIL introduction, implying
that the modifications induced by the RTIL absorption are to
some extent irreversible (Figure 8). Quantitative fit of the raw
NR data by continuous density distributions show that, in fact,
the RTIL absorption and location into the bilayer are only
slightly affected by equilibration in the new solvent (pure water)
over macroscopic times. Integrating again the ion density
distributions, we estimate that, after rinsing with pure water,
the bilayer volume occupied by the RTIL amounts to 2.5% for
both POPC+[bmim][Cl] and POPC+[choline][Cl]; 17.1%
for h-DMPC+[bmim][Cl]; and 8% for dg,- DMPC+[bmim ][ CI].
Despite some quantitative variations, the similarity with the
previous results confirm the partial irreversibility of the RTIL
absorption into the phospholipid bilayer.

The results for the fit of the NR data on samples after rinsing
are summarized in Table S, whereas the complete set of fit
parameter are shown in Table 3 for the POPC+[Chol][Cl] and
in the Supporting Information for all the other systems, together
with the NR curves and the volume occupancy distribution
curves.

Two unexpected features are apparent in the results obtained
after rinsing with pure water: (a) for the h-DMPC, the amount of
RTIL is higher after rinsing than before rinsing, and (b) for the
de;-DMPC the bilayer thickness increases by ~1 A upon rinsing.
Both results are affected by large error bars and are likely to result
from fluctuations. For this reason we do not attempt to give an
explanation for them.

H CONCLUSION

The interaction between two prototypical RTIL water solutions,
namely,[bmim][Cl] and [Chol][Cl], with two bilayers made of
POPC and DMPC phospholipids deposited on a silica substrate,
has been investigated by NR measurements in the specular reflec-
tion mode. Contrast variation obtained by isotopic substitution
in the solvent (water) and in the lipids has been used to separate
the contribution of the solid substrate, of the lipid heads and
tails, of the RTILs, and of the solvent. The composition-space
approach®” has been used to convert the raw data represented by
the reflectivity coefficient R as a function of momentum transfer
Q, into the density distribution of the various chemical species
along the normal to the solid/fluid interface, measured at sub-
nanometer resolution. The error bars on the structural param-
eters obtained in this way have been estimated by a Markov chain
Monte Carlo procedure.

The first and foremost result of our study is that specular NR
coupled to state-of-the-art data analysis allows us to estimate the
amount of RTIL absorbed into the lipid phase and thus to
confirm the high affinity of phospholipids and RTIL cations,
already suggested by experiments®’ > and by computer simu-
lations.*"** Our results allow us to determine also the RTIL
preferred location within the bilayer. Admittedly, the determi-
nation of the RTIL distribution in the lipid phase is at the limit of
the accuracy offered by our approach, but statistical inference and
the regularity of the trends among the measurements on the
different samples give us confidence on the significance of our
results. The overall agreement of our data for the neat bilayers
with benchmark results in the literature®"®* further enhances our
confidence.

Because of numerical reasons, we could not independently
determine the distribution of cations and anions. However, since
the [Cl] ™ anion is generally insoluble in lipids, we assume that the
RTIL distribution in the lipid bilayer represents the density of
cations only. Our analysis of NR data implicitly depends on this
assumption, since in the fits we always use the cation SLD instead
of the molecular (cation plus anion) one.

A more detailed summary of our results is as follows: (a) The
basic structure of the phospholipid membranes does not change
significantly upon addition of the RTIL in solution at 0.1—0.5 M
concentration, the major difference in the structural parameters
being an ~1 A reduction in the bilayer thickness of all samples;
the bilayer completeness before and after the lipid bilayer
incubation in the RTIL/water solution is almost 100% for all the
systems, confirming the in-plane regularity of the bilayer and the
good quality of our fit. (b) The cation of the RTILs penetrates
into the nonpolar region of the bilayer, and in the few cases that
we analyzed, its final distribution does not seem to be dependent
either on the cation or lipid choice. (c) The amount of RTIL
absorbed into the bilayer, instead, depends on the lipid, ranging
from 5% of the total bilayer volume for POPC to 10% for DMPC.
(d) The penetration of the RTILs into the bilayer is at least
partially irreversible, and a measurable amount of RTIL (2.5% for
POPC and 8% for DMPC) remains absorbed into the lipid phase
after rinsing in pure water the samples equilibrated in the RTIL/
water solution. (e) In the 0.1—0.5 M range, the RTIL concen-
tration in solution does not affect much the local picture of the
RTIL/lipid association. Short-range cation—lipid interactions,
and perhaps electrostatic forces at the lipid—water interface,
affect the RTIL distribution far more than the weak logarithmic
dependence of the cation chemical potential on the RTIL
concentration in solution.

The thinning of the bilayer upon addition of a third species
that is at least partly sorbed into/onto the lipid phase is some-
what counterintuitive but not without previous examples.
References 64 and 65 for instance, report the thinning of
phospholipid membranes following the adsorption of peptides at
the lipid/water interface. Reference 64, in particular, proposes a
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mechanism for thinning based on the expansion of the area
covered, on average, by each lipid headgroup, causing the
shrinking of the width to conserve the lipid volume.

Our data on the distribution of cations across the bilayer,
showing a significant penetration into the bilayer, point to a
different mechanism, or, more likely, to the combination of two
mechanisms. Molecular simulation data’®™*® for [bmim][Cl],
for instance, show that RTIL cations enter the bilayer with an
orientation that optimizes the close contact of their most ionic
portion (imidazolium) with the lipid polar heads, while their least
ionic portion, represented by the butyl chain, is solvated by the
hydrophobic lipid tails. According to this picture, the imid-
azolium moiety of [bmim]* might cause the bilayer thinning
by the same mechanism as that of ref 65, while the butyl tail of
these same molecules might partly compensate this dominant
effect*** by mixing with the neutral lipid tails. Unfortunately, no
modeling and simulation result is available for [Chol][Cl].

Because of the high contrast between the RTIL and the lipid
scattering length density, the most accurate determination of the
RTIL location into the bilayer has been obtained for the dq;-
DMPC system. The least significant results turned out to be
those for h-DMPC, possibly because of a defective bilayer
formation in the first stages of the sample preparation. For this
reason, the RTIL distribution in h-DMPC shown in Figure 3 of
the Supporting Information might be affected by systematic
errors that we are unable to fully quantify. The same warning
concerns also the broad peak located well above the lipid range,
at 120 < z/A < 150, as shown in Figure 3 of the Supporting
Information.

Our analysis, focusing on the changes of structural parameters
due to the [bmim]* and [Chol]* sorption in/on the bilayer,
could achieve angstrom-scale resolution from measurements
whose absolute accuracy is in, approximately, the nanometer
range. A significantly better determination of cation and anion
distributions, or the estimation of further geometrical parame-
ters, would require angstrom-scale resolution for the absolute
structural determination. At present, this is prevented by limi-
tations in the range of Q, momenta accessible by the experiment
and also by the homogeneity and reproducibility of the samples.
On the short time scale, progress could more likely be expected
from the combination of different approaches, such as other
neutron-scattering techniques, photoluminescence and spectros-
copy, as well as computer modeling.

The overall stability of the bilayers upon RTIL addition might
seem at odds with the results of refs 37 and 38, reporting sig-
nificant damage on phospholipid bilayers in contact with water
solutions of [C,mim][Cl], with n = 4, 6, and 8. However,
neglecting the slight difference in the phospholipids used in the
present and past investigations, a careful comparison of results
reveals many more points of agreement than of disagreement.
For instance, previous studies reported extensive damage of the
bilayer only for [C,mim]" cations with n = 6 and n = 87°"%,
whose interaction with the lipid tails through dispersion
interactions is strong. RTILs based on [bmim]* (n = 4) instead,
displayed only limited absorption®” and caused leakage only from
localized holes on the bilayers.*®

This is certainly compatible with our observations, displaying
an absortion of RTIL into the lipid limited to ~10%. Moreover,
the absorption of all RTILs, including [bmim][Cl], has been
shown to be irreversible,> again in agreement with our results.
Residual differences between our data and the results of AFM
imaging3'8 could also be due to the measurement method, since
AFM locally interacts strongly with lipid and RTIL molecules,

while NR really represents only a weak perturbation for the
bilayer.

We are unable, at present, to unambiguously state whether our
results for the RTIL distribution within the lipid phase reflect a
true equilibrium state or result from kinetic constraints. NR mea-
surements, however, last several hours, and the fair resolution of
the RTIL density profiles shows that a near-equilibrium state is
reached fairly soon and persists over macroscopic times.

Our interest in the interaction of RTILs and phospholipid
bilayers obviously is due to the role of the latter as primary com-
ponents of biomembranes. Thus, the experimental analysis of the
incorporation of RTILs into phospholipid bilayers provides a
way to understand and perhaps predict biological effects of
RTILs, with implications in toxicology, environmental sciences,
and even pharmacology, given the observed antimicrobial effects
of selected RTILs. NR measurements, in particular, could pro-
vide also the quantitative basis for novel biotechnological appli-
cations in which, for example, molecules and nanoparticles could
be inserted into or exchanged through biomembranes using
RTILs as surfactants and driving agents.
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